Spatially resolved neutron diffractive imaging with a microchannel plate collimator is used to directly map the nucleation of the skyrmion lattice (SkL) of the B20 compound MnSi at the conical to SkL transition as a function of magnetic field. Our study shows a macroscopic phase separation of the SkL and the conical phase at the border of the SkL phase pocket, reveals that the nucleation of the SkL starts at the edges of the sample, and quantifies the bending of the SkL due to demagnetization. Our study highlights the importance of geometric and demagnetizing effects for the SkL formation regarding the unambiguous interpretation of measurements of bulk properties such as possible phase coexistence and crossover regimes. [7] , and insulators [10, 11] . The findings of skyrmions beyond the B20 family [12] [13] [14] [15] and their observation in thinned bulk samples [16] [17] [18] , thin films [19] , and nanostructured patterns [20] show that magnetic skyrmions are a generic phenomenon of materials which promote chiral magnetic interactions. In the A-phase of MnSi, skyrmions emerge as a densely packed hexagonal skyrmion lattice (SkL) which is distinct from the adjacent conical phase (CP) because of its finite topological winding number [6] . The topological difference of the SkL phase and the CP supports long-living metastable and supercooled skyrmion phases [21, 22] and raises the generic question of the nucleation and decay of skyrmions at the borders of the SkL phase pocket [21] , where a first-order phase transition is observed [23] . Magnetic force microscopy (MFM) suggests that skyrmion lines decay by means of point defects which act similarly to the slider of a zipper [21] . Recent studies using Lorentz transmission electron microscopy (LTEM) find an exponential decay of skyrmions suggesting enthalpy-entropy compensation [24] . Moreover, terms induced by free surfaces [25, 26] and interface spin orbit terms [3, 19] seem to play a pivotal role.
Recently, magnetic skyrmions in chiral magnets have attracted vast interest. Together with the ease of manipulating skyrmions at ultrasmall current densities [1] , their topology ideally suits future devices for data storage and spintronics [2] [3] [4] [5] . First identified in the B20 compounds MnSi and FeCo 1−x Si x [6, 7] , similar textures have been observed in various materials [8, 9] , including metals [8] , semiconductors [7] , and insulators [10, 11] . The findings of skyrmions beyond the B20 family [12] [13] [14] [15] and their observation in thinned bulk samples [16] [17] [18] , thin films [19] , and nanostructured patterns [20] show that magnetic skyrmions are a generic phenomenon of materials which promote chiral magnetic interactions. In the A-phase of MnSi, skyrmions emerge as a densely packed hexagonal skyrmion lattice (SkL) which is distinct from the adjacent conical phase (CP) because of its finite topological winding number [6] . The topological difference of the SkL phase and the CP supports long-living metastable and supercooled skyrmion phases [21, 22] and raises the generic question of the nucleation and decay of skyrmions at the borders of the SkL phase pocket [21] , where a first-order phase transition is observed [23] . Magnetic force microscopy (MFM) suggests that skyrmion lines decay by means of point defects which act similarly to the slider of a zipper [21] . Recent studies using Lorentz transmission electron microscopy (LTEM) find an exponential decay of skyrmions suggesting enthalpy-entropy compensation [24] . Moreover, terms induced by free surfaces [25, 26] and interface spin orbit terms [3, 19] seem to play a pivotal role.
Mapping out the phase diagram for T < T c , the skyrmion phase is found to be enclosed by a region where susceptibility, specific heat [27] , magnetotransport [28] , and small-angle neutron scattering (SANS) [29] suggest phase coexistence of SkL and CP. The peculiarities of this transition region have * tommy.reimann@frm2.tum.de † sebastian.muehlbauer@frm2.tum.de been debated intensively [30, 31] , e.g., in terms of a phase of Abrikosov-like magnetic vortices [28] or as consisting of individual skyrmion clusters [29] . However, in all cases, a clear correlation between bulk measurements and the intrinsic microscopic behavior of the SkL is hindered due to geometric effects caused by the nonellipsoidal sample shape: In this context, it has been shown that the extent of the transition region is influenced by the sample geometry [27] . In particular, edge instabilities delaying a skyrmion formation have been reported [32] . In contrast, for direct space mapping techniques using microscopy [16] [17] [18] 21] , the limited field of view, the limitation to thin(ned) samples, and the associated increasing influence of surface terms do not allow the unambiguous link with intrinsic microscopic behavior. Effects on a macroscopic scale like phase separation remain invisible.
In this paper, we systematically study the influence of sample geometry on the SkL nucleation, distribution, and distortion in bulk MnSi samples using spatially resolved neutron diffractive imaging (nDI) combined with susceptibility measurements. While this method is well established to map the bulk distribution and crystallite orientation of single and polycrystalline materials [33] , its application to long-range magnetic spin structures such as the SkL was previously not possible due to the small Bragg angles involved. This obstacle has been overcome thanks to the implementation of a microchannel plate (MCP) acting as a collimator [34] to the imaging setup. Our approach allows us to directly map the nucleation and distribution of a SkL for bulk samples with submm position resolution. We find clear hints for a macroscopic phase separation arising at the border of the SkL-phase with SkL nucleation at the sample edges. A strong increase of the mosaic of the SkL toward the edge of the samples is found, mainly caused by demagnetizing effects. Both observations naturally account for the magnetic properties under debate, observed in bulk measurements at the border of the SkL phase. Our data underline that any conclusion on the SkL nucleation • . For these measurements, the MCP was removed. Because of the normalization with the scattering in the paramagnetic phase, the signal is purely magnetic. The Bragg spot enclosed in the white square was investigated by nDI.
and decay requires an extremely careful consideration of geometric effects for bulk samples.
The nucleation of the SkL was studied in MnSi using a disk sample [sample 1: thickness t = 2. [100] parallel to the shortest edge) of the same crystal was used to determine the magnetic phase diagram by means of magnetization measurements using a physical properties measurement system (PPMS, Quantum Design). The samples were wire cut from single crystals that had been grown by the floating zone method [27] with a typical residual resistivity ratio (RRR) of 80 [35] . The flat faces have been polished to remove damages introduced by the cutting process.
The nDI setup was implemented at the ANTARES beamline at the Heinz Maier-Leibnitz Zentrum (MLZ) [36] . The sample was located at a distance L = 8.3 m from the pinhole, and the distance between the sample and 6 LiF scintillator screen was L S = 54 cm. The scintillator light from the absorption of the neutrons was recorded using a charge-coupled device (CCD) camera. The pinhole diameter D = 18 mm yields an L/D ratio of 460. The neutron wavelength λ = 4.0Å was selected by means of a neutron velocity selector (bandwidth λ/λ = 0.1). The sample was mounted at the cold finger of a closed-cycle cryostat attached to a normal conducting magnet with B parallel to the surface normal [100] of the sample and parallel to the wave vector k i of the incident beam. The entire setup could be rotated by ϕ [ Fig. 1(a) ].
To entirely discriminate neutrons that are Bragg scattered at the SkL from the direct beam, the MCP (placed in front of the detector) is rotated with respect to k i by the scattering angle of a selected Bragg peak of the SkL, i.e., ϑ MCP = 2ϑ Bragg ≈ 1.2
• . The MCP consists of glass fibers enriched with following Ref. [27] . The SkL phase (dark red) is characterized by a plateau of dM dB while the transition into the SkL phase is characterized by a broad peak in dM dB . The onsets of the peak and the peak positions are represented by the red triangles and as gray circles, respectively, and form the transition region shaded in light red. In order to account for their different sample shapes, magnetic fields applied to samples 2 and 3 were rescaled by their demagnetizing factors D 2 and D 3 to the external field scale of the disk sample (sample 1, demagnetizing factor D 1 ) following Eq. (1.6) of Ref. [9] with the magnetic susceptibility χ con within the CP.
A neutron radiography of sample 1 in its holder is shown in Fig. 1(c) . Above T C , the contrast is solely generated by the variation in neutron absorption. When the sample enters the SkL phase, small additional contrast arises due to Bragg scattering of neutrons by the SkL. By rotating the sample-field assembly with respect to the vertical axis (rocking scan), the Bragg condition will be fulfilled for ϕ = ϑ Bragg . Figure 1(d) shows the sum of 20 transmission images (TI) of the MnSi disk measured at equiangular positions for −2.5
• ϕ 1.3
• at T = 28 K and B = 200 mT. The MCP was removed for this image, and hence all six Bragg spots are visible, corresponding to the hexagonally aligned Bragg peaks observed in SANS [6] .
In contrast to SANS where L 20 m, the small sample-todetector distance (L S = 54 cm) allows us to directly correlate each pixel of the diffraction spots to a specific position of the sample perpendicular to the beam axis. The inserted MCP collimator, which is carefully adjusted parallel to the wave vector k f of the diffracted neutrons [ Fig. 1(a) ] for one of the six Bragg peaks of the SkL removes the direct beam and improves the signal-to-noise ratio to enable a quantitative investigation of the spatial distribution of the SkL phase in the sample. Figs. 3(a)-3(c) for the Bragg peak enclosed by the white square in Fig. 1(d) . A magnetic field B = 200 mT was applied after cooling the sample in zero field to T = 28 K, which brings the sample to the center of the A-phase. The color-coded diffraction image for each ϕ shows at which position of the sample the Bragg condition for the SkL is fulfilled. Note that the center position of the rocking scans is set to ϕ Bragg ≡ 0
Results of nDI from the SkL of the MnSi disk are shown in
• to simplify the notation. The parasitic background arising from the scintillator structure and the sample holder was removed by subtracting the data measured at B = 260 mT, where no signature of the SkL is detected anymore. Fits to the data show that the SkL is aligned along B (ϕ = 0
• ) in the center of the sample while the SkL is not parallel to B anymore and strongly bent near the left and right boundary of the sample (ϕ = ±0.9
• ) as indicated by the sickle-shaped pattern [38] . Figure 3(b) shows the intensity as obtained by evaluating the data at four different positions on the sample as marked in Fig. 3(c) as function of ϕ. The data correspond to SANS rocking scans, however, providing the spatially resolved angular distribution of the SkL. The curves can be well approximated by a Gaussian peak (solid lines). A strong broadening of the rocking curves from the center of the sample (pos. 1) towards the edge (pos. 3) is observed, accompanied by an increase of the FWHM from 0.4
• (1), representing the resolution limit, to 3.8
• (3) at the boundary. Position (4) provides the background level. The observed broadening of the rocking curves, which manifests in the sickle-shaped diffracted images, can be explained by a strong bending of the SkL at the sample edges due to inhomogeneous demagnetization fields as schematically illustrated in Fig. 2(b) , taking the weak net FM moment into account. The data indicate radii of curvature of • . Finally, the nucleation of the SkL for increasing magnetic field was investigated using nDI. Figure 4 • using an exposure time of 300s for each setting for fields 150 mT B 250 mT applied after zero field cooling (ZFC) to 28 K. The data have been normalized to B = 260 mT at which no signature of the SkL was detected anymore. The intensity integrated over the entire sample volume I int is depicted in Fig. 4(b) .
At the lower boundary of the SkL phase, i.e., B = 150 mT, weak intensity arises at the left and right edges of the disk, indicating the onset of SkL nucleation. With increasing B, a ring of intensity develops at the edge of the sample accompanied by a steep increase of I int . Finally, between 180 mT and 230 mT, Bragg scattering from the SkL is detected all over the sample, indicating that the SkL homogeneously fills the whole sample. Similarly, I int (B) levels off at 200 mT, confirming the stabilization of the SkL-phase throughout the whole sample. Finally, near the upper boundary of the SkL-phase pocket, the SkL begins to shrink toward the center of the sample, accompanied by a steep decrease of I int above 240 mT. While at 250 mT scattering off the SkL arises merely from the center, no signature of the SkL has been detected anymore at 260 mT, proving the completed transition back to the CP. The data at 260 mT have been used for background subtraction as no signature of the SkL has been measured. As can be seen from the subtraction, the integral intensity is identical to data at 150 mT where I int is found to lie below the systematical and statistical detection limit. Figure 4(c) shows dM/dH taken on sample 3 at T = 28 K. All data are scaled to the external field scale by the demagnetization factor.
The nDI data directly visualize the inhomogeneous nucleation of a SkL in a macroscopic, nonellipsoidal bulk sample. Two major effects may be identified: (i) the SkL first nucleates at the edge of the sample due to the field enhancement caused by demagnetizing fields. The SkL follows the internal magnetic field which results from a superposition of the applied and demagnetizing field, leading to a bending of skyrmion lines. An internal field profile as sketched in Fig. 2(b) seems likely considering the overall net FM moment of the CP and SkL [39] . [29, 40] . As rescaling according to demagnetizing factor affects only the position and not the relative width of a phase transition, our data consistently show that the extended crossover region is in fact caused by an incomplete volume filling of the sample with SkL (samples 1 and 3 have a similar demagnetization factor). Note that neutron diffraction in general only tracks the formation of a SkL phase which shows at least a certain amount of short-range order. A completely disordered SkL state would be invisible to our setup. Moreover, due to the scattering geometry, also the CP is not visible.
Our measurements clearly demonstrate the strong impact of sample geometry on bulk measurements such as magnetization and susceptibility but also neutron scattering, which are usually obtained as average over the whole sample. Our spatially resolved data show that even far from the borders of the sample, demagnetization effects may lead to a considerable smearing or shift of a thermodynamic phase transition. Accordingly, also magnetoresistivity and Hall-effect measurements might be affected by a coexistence of CP and SkL phase. It is very likely that the long-debated transition region [28] [29] [30] is in fact the hallmark of a macroscopic phase separation. In particular, the phase coexistence of SkL and CP may be misinterpreted as rounding of the first-order phase transition in bulk measurements or as precursor or mesophase effects [31, 41] .
Recent progress in theory and LTEM measurements of SkL formation showed attractive skyrmion interaction and clustering, in particular related to the presence of surfaces in thinned samples [26] . However, our study shows that similarly to superconducting vortices [42] , theoretical modeling of the SkL must implicitly include preferred nucleation centers such as corners and edges in order to provide a sufficient approximation of the SkL nucleation for realistic sample geometries. An account in the spirit of Bean's critical state model seems necessary [43] . However, unlike superconducting vortices, two scenarios seem plausible for the CP to SkL transition: (i) A SkL front moving toward the center of the sample with nucleation of the skyrmion lines at the edges of the sample and (ii) a nucleation of skyrmion lines at the SkL front using, e.g., the inverse zipper mechanism proposed in Ref. [21] .
In conclusion, using nDI, we examined effects of the sample shape on the formation of the SkL phase and distribution in MnSi. We find a macroscopic phase separation of the SkL and CP at the borders of the SkL phase. Our results underline the necessity of considering demagnetization for an unambiguous interpretation of bulk data in terms of intrinsic behavior, in particular for a theoretical modeling of the skyrmion formation. nDI provides a unique tool for future systematic studies of the influence of (i) the sample shape, (ii) the pinning properties, and (iii) the field-temperature history on the SkL nucleation. Moreover, nDI is also applicable whenever phase separation occurs and the phases can be identified by a Bragg scattering signature. Examples include type II superconductors, polymers, ferroic materials, and samples undergoing structural phase transitions.
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